In unfertilized, highly weathered tropical soils, phosphorus (P) availability to plants is dependent on the mineralization of organic P (Po) compounds. The objective of this study was to estimate the mineralization of total and labile Po in soil size fractions of > 2.0, 2.0-0.25 and < 0.25 mm under leguminous forest tree species, pasture and "capoeira" (secondary forest) in the 0-10 cm layer of a RedYellow Latosol after 90 d of incubation. The type of vegetation cover, soil incubation time and soil size fractions had a significant effect on total P and labile P (Pi and Po) fraction contents. The total average Po content decreased in soil macroaggregates by 25 and 15 % in the > 2.0 and 2.0-0.25 mm fractions, respectively. In contrast, there was an average increase of 90 % of total Po in microaggregates of < 0.25 mm. Labile Po was significantly reduced by incubation in the > 2.0 (-50 %) and < 0.25 mm (-76 %) fractions, but labile Po increased by 35 % in the 2.0-0.25 mm fraction. The Po fraction relative to total extracted P and total labile P within the soil size fractions varied with the vegetation cover and incubation time. Therefore, the distribution of P fractions (Pi and Po) in the soil size fraction revealed the distinctive ability of the cover species to recycle soil P. Consequently, the potential of Po mineralization varied with the size fraction and vegetation cover. Because Po accounted for most of the total labile P, the P availability to plants was closely related to the mineralization of this P fraction.
INTRODUCTION
Phosphorus (P) is one of the most limiting nutrients for the productivity of the majority of crops grown on the highly weathered soils of tropical environments (Novais & Smyth, 1999) . Particularly, in soils under forest cover and pasture, organic forms of P (Po) may represent 15 to 37 % of total extracted P, and 41 to 87 % of the total labile P is in organic form (Cunha et al., 2007) . Under these conditions, Po becomes a major source of P to plants through decomposition and mineralization of the labile Po fraction, which is easily mineralized, thereby contributing to the availability of P to plants (Gatiboni, 2003; George et al., 2006) . Soil Po is derived from microorganism, plant or animal residues and can be recycled by the microbial biomass or stabilized in the mineral phase of the soil (Ohel et al., 2004) . As proposed by McGill & Cole (1981) , mineralization can be divided into two processes: 1) biochemical mineralization in which inorganic phosphorus (Pi) is released from organic compounds through phosphatase exoenzymes and regulated by P demand; and 2) biological mineralization, which is the release of Pi from organic materials during carbon (C) oxidation by soil organisms and regulated by the energy demand.
The content of Po in soil is closely associated with the capacity of organic C accumulation in the soil (Nizigueba & Bünemann, 2005) . Therefore, mechanisms that are involved in the accumulation of organic C in the soil could be applied to Po to a certain extent. Among these mechanisms, the physical protection of soil organic matter through occlusion within aggregates or in small pores has been considered an important mechanism for reducing the bioavailability and accessibility of soil organic matter by microorganisms and soil enzymes (GamaRodrigues et al., 2010) . Furthermore, according to the aggregate size classes, the C of organic compounds (OCs) has different levels of lability. The OCs associated with macroaggregates (> 250 mm) are more labile and represented largely by light organic matter, while OCs associated with microaggregates are more recalcitrant and mainly represented by the more stable fraction (Six et al., 2002; Bronick & Lal, 2005; Cadisch et al., 2006) . Based on this mechanism of physical protection of OCs in soil, the Po distribution in the different size fractions could also show different degrees of lability in Po fractions and, consequently, a differentiated mineralization potential. Therefore, the Po mineralization rate would tend to be higher in macroaggregates and lower in microaggregates. In contrast, as Po accumulation in the soil is influenced by the type of vegetation cover (Cunha et al., 2007; Zaia et al., 2008) , the distribution of P fraction in the size fractions and their mineralization potential could also be influenced by the type of land use.
The aim of this study was to estimate the mineralization potential of total and labile Po in soil size fractions under leguminous trees, pasture and capoeira (secondary forest). 5' W). Adjacent to the leguminous tree plantations, soil samples were collected from degraded pasture areas with the predominance of molasses grass (Melinis minutiflora), coastal sand paspalum (Paspalum maritimum) and Brazilian satintail (Imperata brasiliensis), with low forage production and no phosphate fertilization. Soil samples were also collected from a secondary Atlantic forest fragment with species in different successional stages (capoeira). Both vegetation covers were approximately 40 years old. All plots of vegetation covers were adjacent to each other, forming a continuous landscape. The pasture stocking rate was 0.5 animal/ha.
MATERIAL AND METHODS

Description
Four composite soil samples were collected for each vegetation cover, and each composite sample was composed of 15 random single samples collected by opening mini-trenches with depths of 0-10 cm. The composite samples were packed in polyethylene bags. Soil samples were air dried and pressed through 2 mm sieves. Chemical and physical characterizations of the soil (Table 1) were obtained according to the methods described by the Brazilian Agricultural Research Corporation (Embrapa, 1999) as follows: pH in water; P and potassium (K) extractable by Mehlich-1 with P being determined by colorimetry and K by flame photometry; exchangeable calcium (Ca), magnesium (Mg) and aluminum (Al) by 1 mol L -1 KCl with Ca and Mg being determined by atomic absorption spectrophotometry and Al by titration with 0.025 mol L -1 NaOH; total nitrogen (N) by the Kjeldahl method; organic C by oxidation with 1.25 mol L -1 K 2 Cr 2 O 7 in acidic medium (Anderson & Ingram, 1996) ; particle-size analysis by the pipette method; and total P by nitric-perchloric acid digestion (Bataglia et al., 1983) .
Fractionation in soil size fractions
Wet sieve analysis (Rita et al., 2011) was used to quantify and measure the distribution of water-stable aggregates using 100 g of pre-moistened soil. Soil was pre-moistened with a sprayer and left to stand for 4 h to prevent disintegration during mechanical mixing of the soil with water. The soil was then transferred to a set of sieves (mesh 2.0 and 0.25 mm). The soil samples were vertically shaken for 15 min in a Yoder apparatus (amplitude 4 cm, 32 oscillations/min). The samples were removed from the sieves by a jet from a plastic wash bottle, transferred to previously weighed Petri dishes and dried in an incubator at 105 o C for 24 h. As a result, three size fractions were obtained: > 2.0, 2.0-0.25 and < 0.25 mm. Determination of the organic P fraction The Bowman extraction method was used to quantify total Po compounds (Bowman, 1989) . Inorganic P (Pi) was determined after clarification of acidic and alkaline extracts with activated charcoal (Guerra et al., 1996) . In the acidic and alkaline extracts Pi, total P (PT) and Po were determined, and the total Po was calculated as the sum of Po in all extracts as follows: (1) Pt = total P by nitric-perchloric acid digestion.
Labile Po (rapid mineralization) was determined by extraction with 0.5 mol L -1 NaHCO 3 (Bowman & Cole, 1978) . In addition, activated charcoal was used for clarification of the extracts for Pi determination. Labile Po was determined by the difference between PT and Pi. The Pi concentrations in all extracts and digestion were determined by the method of Murphey & Riley (1962) .
Mineralization of organic P
Soil samples and each aggregate size class samples were weighed (20 g), placed in small plastic pots, moistened to 60 % field capacity and placed in a BOD incubator at a constant temperature of 40 o C for 90 d (T1) for the Po mineralization test. Every 3 d, the moisture was restored to the initial level of incubation (T0). The amount of mineralized total Po and labile Po during the incubation time was estimated according to Acquaye (1963) , based on the following equations:
where Po min (mg kg -1 ) is the potentially mineralized Po; Po T1 (mg kg -1 ) is the Po content determined after a 90 d incubation; Po T0 (mg kg -1 ) is the Po content measured at time zero (before incubation); and P-Po min (%) is the proportion of Po min in Po T0 .
Negative values indicate reduction in Po amount with incubation indicating occurrence of mineralization of the fraction.
Statistical analysis
For the incubation assay, data for each vegetation cover with comparison of incubation times and contents of Pi and Po in soil size fractions were subjected to variance analysis in a completely randomized design with four replications in a factorial design of four vegetation covers, two incubation times and three size fractions as variation sources. The Tukey's test at 5 % was used to compare the means. Each cover was considered a non-randomized treatment.
RESULTS AND DISCUSSION
Organic P (Po) mineralization in soil
A significant effect of vegetation cover and incubation times on total soil contents of Pi and Po fractions was observed. Soil incubation led to an increase in the total Pi average content of 24 %, and a decrease in the total Po average content of 16 %. Nevertheless, the effect of incubation times on total Po differed according to the vegetation covers. There was a decrease in the Po levels in soils under Acacia auriculiformis and capoeira, but an increase in soil under pasture. Moreover, no significant changes were observed in soil under Mimosa caesalpiniifolia (Table 2) . Soils under vegetation covers differed significantly in total Po in comparison to total Pi after both incubation times. At time zero (T0), the highest and lowest total Po contents were found in soil under Acacia auriculiformis and pasture, respectively. In contrast, soils under Mimosa caesalpiniifolia and capoeira showed the highest and the lowest contents of total Po, respectively, after 90 d of incubation (T1).
Rates of P (Pi + Po) recovered by Bowman's extraction method (Table 2) relative to the total soil P measured by the nitric-perchloric acid digestion (Table 1) at T0 were 66, 65, 40, and 60 %, whereas rates after T1 were 70, 70, 60, and 57 % for soils under Acacia auriculiformis, Mimosa caesalpiniifolia, pasture and capoeira, respectively.
The effect of vegetation cover and incubation time on the labile Pi and Po fraction contents was different (Table 2 ). On average, the increase in labile Pi was not significant with incubation time. Only soil under pasture differed significantly in the contents of this fraction. In contrast, labile Po showed a significant average increase of 18 %. However, the effect of incubation time was different for each vegetation cover. Labile Po significantly increased in soil under Acacia auriculiformis and decreased in soil under pasture. In soils under Mimosa caesalpiniifolia and capoeira, there were no significant differences in labile Po contents. Furthermore, differences in labile Po between the vegetation covers varied for each incubation time. At T0, only soil under Acacia auriculiformis was significantly different from the other cover types with the lowest content of labile Po. After T1, the labile Po contents were highest under capoeira and Mimosa caesalpiniifolia, followed by Acacia auriculiformis, with an intermediate value and pasture with the lowest content.
Pi was the major component of the total P (Pi + Po) composition in soils under each vegetation cover and after both incubation periods (Table 3 ). In general, the average Po was 26.7 and 19.8 % of total P extracted after T0 and T1, respectively. After T0, the greater proportion of Po was found in the soil under Acacia auriculiformis, and the soil under Mimosa caesalpiniifolia showed the highest proportion of this fraction after incubation for 90 d. The decrease in Po proportion in the soil under Acacia auriculiformis and capoeira with incubation would be due to its reduced content in this fraction (Table 2 ). However, although there was an increase in Po content in the soil under pasture, its ratio to total P did not change, but the Po content in the soil under Mimosa caesalpiniifolia remained unchanged after both incubation periods, resulting in a similar ratio of this fraction in the total P composition.
In contrast to the total P (Pi + Po) fraction, the labile Po fraction predominated over the labile Pi of the total labile P in the soil (Table 3) . On average, the labile Po represented 70.1 and 65.8 % of the total labile P extracted after T0 and T1, respectively. At T0, the lowest content of labile Po was measured in soil under Acacia auriculiformis, and the labile Po levels under other covers were not significantly different. The soil under pasture had the lowest contents of labile Po after soil incubation.
Mineralization of Po in soil size fractions
The soil size fraction distribution varied according to the cover type, and the highest and lowest aggregate percentages were observed in the 2.0-0.25 and < 0.25 mm fractions, respectively (Table 4) . Macroaggregates represented approximately 95 % of the size fractions in every cover. Among covers, leguminous trees and capoeira showed the highest aggregate values in the > 2.0 mm fraction (Table 5 ). In turn, pasture had a higher percentage of aggregates in the 2.0-0.25 mm fraction. These results suggested that different vegetation covers significantly affect the stability and formation of soil aggregates (Roldán et al., 2005) . Consequently, the accumulation of soil organic matter and nutrients are closely associated with vegetation covers (Rita et al., 2011) .
The vegetation cover, incubation time and soil aggregate size classes had significant effects on the contents of total P and labile P fractions (Table 5 ). The aggregate size classes differed in their ability to retain the fractions of total P (Pi and Po) according to their vegetation cover and incubation time (Table 5) . In general, smaller amounts of Pi were found in the < 0.25 mm aggregates after T0 and T1. Under all vegetation covers and in all aggregate classes, total Pi contents increased with incubation. However, the same was not observed for total Po. In general, the < 0.25 mm size fraction had the lowest and highest levels of total Po after T0 and T1, respectively. There was an average decrease of 25 % in the total Po in the (1) For Total P forms, averages followed by the same uppercase letters in the column (comparing covers in each incubation time) and averages followed by the same lowercase letters in the row (comparing each cover at different times) are not significantly different by Tukey's test at 5 %.
(2) For Labile P forms, averages followed by the same uppercase letters in the column (comparing covers in each incubation time) and averages followed by the same lowercase letters in the row (comparing each cover at different times) are not significantly different by Tukey's test at 5 %. Table 3 .
Cover
Percentage distribution of total inorganic (Pi), total organic (Po), labile inorganic (PiL) and organic (PoL) phosphorus contents of soils under leguminous trees, pasture and capoeira at incubation time zero (T0) and after 90 d of incubation (T1)
(1) For total P forms, averages followed by the same letter in the column do not differ statistically by Tukey's test at 5 %; 2) For Labile P forms, averages followed by the same letter in the column do not differ statistically by Tukey's test at 5 %. > 2.0 mm aggregates and an average decrease of 15 % in the total Po in the 2.0-0.25 mm aggregates, as opposed to the 90 % average increase in the < 0.25 mm aggregates. The soils under leguminous trees showed clear differences in the contents of total Po affected by the incubation times in all soil size fractions. Soil under Acacia auriculiformis had increased Po levels in all size fractions, especially in the < 0.25 mm aggregates. In the soil under Mimosa caesalpiniifolia, however, Po was reduced in all size fractions, particularly in the 2.0-0.25 mm aggregates. In the soil under pasture, the effect of incubation time varied with the size fractions as follows: in the > 2.0 mm aggregates, no significant change in Po levels was observed; and in the 2.0-0.25 and < 0.25 mm aggregates, the Po levels were reduced and increased, respectively. Moreover, in the soil under capoeira, Po was reduced in the > 2.0 mm aggregates but increased in the other size fractions.
In general, the average content of labile Pi was higher in the < 0.25 mm aggregates at T0 (Table 5) . After T1, however, the contents of labile Pi were highest in the > 2.0 mm aggregates. No significant variation in labile Pi after different incubation times was observed in this size fraction, except for the soil under Acacia auriculiformis. However, Pi decreased in the smaller size fraction with incubation time. In contrast, the average content of labile Po was lowest in the 2.0-0.25 mm aggregates at T0. In general, there was a significant average reduction in labile Po with incubation in the > 2.0 (-50 %) and < 0.25 mm (-76 %) aggregates, but a 35 % increase in labile Po occurred (1) For total P forms, means followed by the same uppercase letters in the column (comparing size fraction in each cover and time) and means followed by the same lowercase letters in the row (comparing time in the size fraction of each cover) are not significantly different by Tukey's test at 5 %; (2) For Labile P forms, means followed by the same uppercase letters in the column (comparing size fraction in each cover and time) and averages followed by the same lowercase letters in the row (comparing time in the size fraction of each cover) are not significantly different by Tukey's test at 5 %.
in the 2.0-0.25 mm aggregates. Generally, in soils under leguminous trees, incubation reduced the labile Po contents. However, a decrease was only observed in the > 2.0 mm aggregates under capoeira, which contrasted the increase in the other size fractions. Pasture cover did not show significant changes in labile Po in all size fractions.
The ratio of total Po fraction relative to total extracted P (Po/PT extracted ) as well as the ratio of labile Po fraction relative to the total extracted labile P (PoL/ PT extracted L) in soil size fractions varied with vegetation covers and incubation times (Table 6 ). The highest average ratio of total Po occurred in the > 2.0 and < 0.25 mm aggregates at T0 and T1, respectively. The 2.0-0.25 and < 0.25 mm aggregates had the lowest average ratio of labile Po before and after soil incubation, respectively.
The variation in total Pi contents with incubation times showed the effectiveness of the Bowman method (Bowman, 1989) to extract previously non-accessible Pi compounds. In contrast, a decrease in total Po would demonstrate its possible mineralization and consequent release of Pi in the soil solution, and an increase in total Po with incubation time would also show that stable compounds of this fraction became accessible to the extraction method. The recovery rate (Pi + Po) of the Bowman method in relation to total soil P by digestion may be influenced by the experimental conditions (incubation times, temperature and humidity), soil and vegetation cover types, and the rates may vary between 50 and 87 % (Cunha et al., 2007; Nunes, 2011; Zaia et al., 2012) . Similar reasoning can be applied to the bicarbonateextracted labile P in which the Pi fraction is considered as the amount of P available to the plant, and the Po fraction is considered as the amount of potentially mineralizable P (Bowman & Cole, 1978) . A decrease in labile Pi following soil incubation would indicate that the minerals in soil colloids stabilized this fraction, transforming labile P to stable P. This process was evident by the decrease of the average Pi content in the 2.0-0.25 and < 0.25 mm aggregates (Table 6 ). In soils where no P was applied, Gonçalves et al. (1989) observed a small, non-systematic variation of the recovered P extracted by resins, Bray-1 and Mehlich according to incubation. In a study by Araújo et al. (2004) , positive or negative variations of labile Pi and Po were found in fractions extracted by bicarbonate from soils incubated for 120 d. The authors attributed the effect on buffering or on the increase of the labile fraction to the moderately labile P fractions (NaOH-P). Using the ignition method, Acquaye (1963) reported that mineralization or increased Po is significantly influenced by soil physicochemical properties, soil fertilization, temperature and humidity, and incubation time.
In this study, the use of the incubation-extraction technique determined the basal Po mineralization. In contrast to nitrogen (N) mineralization, however, the net mineralization of Po cannot be measured by the (1) For total P forms, means followed by the same uppercase letters in the column (comparing size fraction in each cover and time) and means followed by the same lowercase letters in the row (comparing time in the size fraction of each cover) are not significantly different by Tukey's test at 5 %; (2) For Labile P forms, means followed by the same uppercase letters in the column (comparing size fraction in each cover and time) and averages followed by the same lowercase letters in the row (comparing time in the size fraction of each cover) are not significantly different by Tukey's test at 5 %.
incubation-extraction technique. Once Pi is released from Po, it does not accumulate in the soil solution because it is adsorbed by the mineral phase of the soil (Bünemann et al., 2007) . Furthermore, small changes in Po net values are masked by the large amount of total Po present in the soil.
Consequently, mineralization of basal Po can be defined as the mineralization of soil organic matter in soil that with no recent input of fresh organic matter (Ohel et al., 2004) , thus representing the potential basal Pi fraction released from soil Po to soil solution (Ohel et al., 2001 ). Simultaneously, remineralization can occur during the incubation period due to the recycling of microbial P as a result of death and predation of microorganisms and indicates mineralization of the newly synthesized Po (Randhawa et al., 2005) .
The distribution of P fractions (Pi and Po) in soil size fractions revealed the distinctive ability of the evaluated vegetation covers in recycling soil P. The average content of labile Pi in all size fractions was higher than the content of the P fraction in the soil as a whole, indicating the variation in P availability within the soil size fraction. In an analogous situation for the labile Po, its distribution and high contents in the soil size fractions indicated differences in the ability of vegetation covers to accumulate Po in the soil. Similar to OC, accumulated Po in the smaller size fractions of soil would be physically protected from the action of soil microorganisms. However, this does not indicate that the predominant forms of Po in the smaller soil size fractions are mostly recalcitrant as typically occurs with forms of OC (Six et al., 2002; Cadisch et al., 2006) . It should also be considered that many phosphate groups that make up the P organic forms in the soil influence its mineralization rate. The diester forms of soil Po are more labile and easily mineralized than monoesters, and diester Po compounds are important sources of P to plants, thereby playing an important role in the P cycle ecosystem (Makarov et al., 2002) . Therefore, future studies on the distribution of Po compounds and its mineralization potential in different soil size fractions could elucidate the influence of different types of land use on the accumulation of Po in soil and the P availability to plants in highly weathered soils.
CONCLUSION
The distribution of P fractions (Pi and Po) in the soil size fractions revealed the distinctive ability of vegetation covers to recycle soil P. As a result, the mineralization potential of Po in the soil varied with the soil size fraction and the vegetation cover. Because Po was the predominant form in the total labile P composition, P availability to plants was closely related to the mineralization of labile Po.
